Herbivory by ungulates can affect forest regeneration success, but its long-term impacts on tree function and recruitment are less studied. We evaluated strategies of resistance, tolerance and vertical escape against ungulate herbivory by evaluating leaf traits (photosynthesis, morphology and chemistry) and growth rates of aspen in the presence and absence of ungulate herbivores 1, 2, 3 and 26 years after fires initiated aspen suckering. Over the initial 3-year period,~60% of aspen stems in unfenced plots showed evidence of being browsed by ungulates. After 3 years, aspen in unfenced plots had smaller leaves, were 50% shorter, and had 33% lower nonstructural carbohydrate concentrations and 33% greater concentrations of condensed tannins, when compared with fenced aspen. Aspen exposed to ungulate herbivory over a 26-year period maintained smaller leaves, had lower annual radial growth rates and were still below the critical height threshold of 2 m required to escape ungulate herbivory for successful recruitment. In contrast, the average height of aspen protected from ungulates was approaching 6 m. Over the 26-year period leaves in unfenced plots had 41% lower nonstructural carbohydrate concentrations and greater expression of defense compoundscondensed tannins (63%) and phenolic glycosides (102%)-than leaves in fenced plots. Photosynthetic rates were slightly higher in aspen that experienced ungulate browsing, suggesting that changes in leaf anatomy and chemistry due to ungulate herbivory did not interfere with photosynthesis. Our data suggest that ungulate browsing increases investment in chemical defense, lowers nonstructural carbohydrate concentrations and reduces leaf area, which decreases the recruitment potential of regenerating aspen.
Introduction
Plants have evolved a wide variety of mechanisms to tolerate, resist or escape herbivory that balance a plant's ability to defend against herbivory with its susceptibility to being eaten (Coley et al. 1985, Herms and Mattson 1992) . Plants employ three major defensive strategies: tolerance (recovery from herbivory), resistance (herbivore deterrence) and escape (reducing exposure to herbivores) (Strauss and Agrawal 1999, Lindroth and . Herbivory can strongly influence plant functional traits (Carmona et al. 2011 , Nicotra et al. 2011 ) including changes in growth patterns, leaf morphology, chemistry and metabolism (Carmona et al. 2011 , Nicotra et al. 2011 , Cardenas et al. 2014 . However, we still lack a complete understanding of how leaf traits are shaped by herbivory and how changes in leaf morphology and chemistry affect tolerance, resistance and escape of plants from herbivores.
Plant morphological, chemical and phenological traits influence herbivore selection of plants (Cardenas et al. 2014) . Leaf functional traits that determine tolerance, resistance and escape from herbivory are often interrelated. For example, nitrogen content, nonstructural carbohydrates and specific leaf area influence plant susceptibility to herbivory (Poorter et al. 2004 ), yet these traits also affect tolerance and escape through their influence on growth rates (Agrawal 1998 , Carmona et al. 2011 . Production of secondary defense compounds can be metabolically expensive, and lower growth rates, but effectively reduce rates of herbivory (Donaldson et al. 2006 , Boeckler et al. 2011 . High nitrogen content and specific leaf area are correlated with higher rates of photosynthesis and growth (Ackerly and Reich 1999) , but also make leaves more palatable to herbivores (Poorter et al. 2004) . Also, leaf size and shape alters susceptibility to herbivory (Carmona et al. 2011 , Schuldt et al. 2014 ) and large leaf size may attract herbivores (Garibaldi et al. 2011) .
Induction of defense chemistry expression and alterations in leaf morphology and nutrient status can create resistance to herbivory by reducing herbivore preference (Agrawal 2007) . However, there is theoretically a trade-off between plant growth and defense against herbivory (Bryant et al. 1983 , Coley et al. 1985 in which highly defended individuals tend to have lower growth rates (Donaldson et al. 2006) , although there are exceptions when resource availability is high (Wan et al. 2014) . While short-term plant functional trait and growth responses to herbivory are documented in the literature Lindroth 2005, Donaldson and Lindroth 2007) , few studies have documented long-term, chronic impacts of herbivory on leaf traits that impact tolerance, resistance and escape particularly in the context of forest recruitment potential.
Ungulate herbivory can severely reduce plant function (Bryant et al. 1983 ) and hinder the establishment and growth of tree species (Canham et al. 1994) . As a result, ungulates have been considered 'keystone herbivores' due to their impact on forest regeneration and successional processes (Côté et al. 2004) . Ungulate herbivores reduce woody plant growth through decreases in leaf area and loss of apical meristem tissue (Palacio et al. 2008, Millard and Grelet 2010) . However, many studies examining the effects of ungulates on tree function use simulated browsing in controlled settings (Strauss and Agrawal 1999, Palacio et al. 2013) and examine short-term responses (but see Palacio et al. 2008) . The artificiality of simulated herbivory draws into question how much inference can be drawn from these studies (Agrawal 1998) . Given that ungulate herbivory occurs at broad spatiotemporal scales (Côté et al. 2004) , research relevant to management should examine both the short and long-term effects of ungulate herbivory in the context of plant functional responses to ungulate herbivory at the landscape scale.
Aspen (Populus tremuloides Michx.) is an early-succession species that is broadly distributed across North America (Peterson and Peterson 1992) . There is increasing concern about loss of aspen across portions of its range, due to changes in fire regimes and ungulate herbivory (Frey et al. 2004 ). Reestablishment of aspen stands after fire through root suckering is crucial to supporting aspen forests in the Intermountain West (Smith et al. 2011a) . However, aspen is particularly susceptible to ungulate herbivory as root suckering occurs (Seager et al. 2013) .
Aspen is a model organism for studying the impacts of herbivory in forest systems because it is eaten by hundreds of herbivores across its range and its defense mechanisms are well characterized (Lindroth and St Clair 2013) . Aspen, like all plants, must balance its investment in chemical and physical defense strategies with maintenance costs and growth. To resist herbivory, aspen employs defense chemicals from the shikimic acid pathway: phenolic glycosides and condensed tannins (Boeckler et al. 2011) . Phenolic glycosides deter feeding from both insect and mammalian herbivores (Donaldson and Lindroth 2007 , Wooley et al. 2008 , Lindroth and St Clair 2013 . Condensed tannins reduce the nutritional value of plant tissue (Robbins et al. 1991) . While many studies have focused on how variability in physical and chemical defenses affect herbivore selection and performance, much less is known about how leaf functional traits including leaf morphology and foliar chemistry vary in response to ungulate herbivory under natural field conditions over multiple years.
The objective of this study was to evaluate how herbivory by ungulate communities affects the morphological and chemical traits of leaves and recruitment potential of regenerating aspen over time. We evaluated the effects of ungulates on aspen in the context of defense strategies of resistance, tolerance and vertical escape by measuring leaf morphology, photosynthesis, foliar concentrations of nonstructural carbohydrates, nitrogen, defense chemistry and growth rates of aspen in the presence and absence of ungulates 3 and 26 years after fires initiated aspen suckering. We explored the following hypotheses. (i) Aspen demonstrates tolerance to ungulate herbivory by maintaining photosynthesis, foliar starch concentrations and growth rates in response to browsing over time. (ii) Aspen exhibits resistance traits to ungulate herbivory through induction of condensed tannins and phenolic glycosides, decreases in leaf nitrogen and reductions in leaf size and specific leaf area. (iii) Ungulate herbivory impairs vertical escape of aspen. (iv) Short-term and long-term herbivory will differ in relation to tolerance, resistance and escape mechanisms.
Materials and methods

Study area
Our study was conducted in mixed aspen-conifer forests across three national forests of central and southern Utah. Study sites were located in areas that had experienced fire, and initiated a strong aspen regeneration response. We sampled from eight sites across three fires that burned in 2012 (Experiment 1) and three sites from a fire that burned in 1989 (Experiment 2) (Figure 1 
Study design
Two independent exclosure experiments established at different time points (1989 and 2012) were used to test how ungulate herbivory affects aspen leaf traits and sapling growth rates over time. Experiment 1 was established at eight locations spread across three independent fires (Seeley, Box Creek, Harris Flat) that occurred in 2012 (Figure 1 ). Sites were selected based on high fire severity (100% mortality of overstory trees), and overstory stands having a significant aspen component (>40% stems ha -1 ). Each study site consisted of a single 30 m × 30 m plot surrounded by a wildlife fence paired with a 30 m × 30 m unfenced plot separated by at least 50 m. Replicate fenced and unfenced plot pairs within each fire were separated by at least 4 km. The fences were installed in October 2012. The wildlife fence excluded elk, deer, cattle and sheep but allowed access to all other herbivorous mammals through 14 cm × 14 cm gaps in the wire. The wildlife fences were constructed with 3.1 m wooden posts buried 0.8 m into the ground at each corner with woven wire 1.8 m in height around the perimeter topped with a barbless wire set at 2 m. Control plots (unfenced) were marked at the four corners with 1.8 m u-posts buried 0.6 m into the ground.
Experiment 2 was nearly identical to Experiment 1, but was established more than two decades earlier in the Ferron Fire that occurred in 1989 (Walker et al. 2015) . Three replicated fence-unfenced plot pairs were constructed following the fire. The plots were slightly larger (0.1 ha) than in Experiment 1 (0.09 ha). The three replicated fenced and unfenced plot pairs were separated by at least 3 km.
Leaf collection
Leaf tissue was collected from eight aspen saplings (two from each of four equally divided quadrants) in both the fenced and unfenced plots. Leaf measurements and sample collection occurred in early August of 2013, 2014 and 2015 for Experiment 1 and early August of 2015 for Experiment 2.
Ungulate browse intensity
Browse intensity was characterized by examining the percent of apical meristems removed by herbivory from the leading branch and the sub-leading branches in the top 15 cm of an aspen sucker (Jones et al. 2005 , Wan et al. 2014 . Aspen suckers with multiple subleaders were quite common, and the entire stem was considered browsed if all meristems were removed. Sitespecific percent browse is reported as the number of browsed stems within each transect versus stems that have apical meristems intact. Meristems were characterized as intact, browsed or other (damage from frost, pathogen infection and drought).
Dendrochronology and growth
For Experiment 1, aspen height was measured on all aspen suckers in 25 1 m 2 subplots in a 5 × 5 grid in each 30 m × 30 m plot. Height was measured from the base of the aspen sucker to the tallest aspen stem. Height was averaged across all subplots to get a plot average. Dendrochronology techniques were used in Experiment 2 to determine tree age and radial growth rates of aspen trees over time. At each of the three sites, we cut five trees inside both the fenced and fenceless plots at ground level and collected stem samples at ground level for tree ring analysis. Stem samples were taken back to the lab where they were dried at 60°C for 48 h. The samples were sanded with 300 grit on a belt sander and then polished by hand with 600 grit sand paper. Then rings were counted and widths were measured using a binocular microscope (VanGuard 1275ZP, Vee Gee Scientific, Kirkland, WA, USA) with a measuring stage (Velmex TA4030H1-S6 CO4060, Velmex, Bloomfield, NY, USA).
Leaf morphology
Two fully expanded leaves without evidence of browsing were collected from the upper portion of aspen suckers from eight plants at each site. Leaves were frozen on site using dry ice and were then stored in a −80°C freezer until they could be freezedried in the lab. Leaves were freeze-dried for 48 h in order to preserve the leaf chemistry (Lindroth and Koss 1996) . Dry mass was measured using an analytical balance (GeneMate GP-600, ISC Bioexpress, Kaysville, UT, USA). Leaf area was calculated using a leaf area meter (LI-COR 3000 Environmental, Inc., Lincoln, NE, USA). Specific leaf area was calculated as square centimeters of leaf area per gram of dry weight leaf tissue. Freeze-dried samples were ground and homogenized using a Wiley Mini-Mill though a #20 screen (Thomas Scientific, Swedesboro, NJ, USA) in preparation for biochemical analysis.
Photosynthesis measurements
Prior to collecting the leaves for lab analysis (see above) measurements of photosynthesis were conducted (16 leaves per plot) during the August 2015 sampling period. Measurements were taken from a single, fully expanded, attached leaf using a LI-COR 6400 gas exchange system (LI-COR). Photosynthetic photon flux density was set to 2000 µmol m −2 s −1 using the LI-COR 6400-40 LED light source to determine lightsaturating rates of photosynthesis (A sat ) (Calder et al. 2011) . A CO 2 mixer was used to create a baseline concentration of 400 µmol mol −1 of CO 2 in the reference and leaf chambers.
Measurements were recorded after reaching a steady state (~90 s). Gas exchange measurements were taken between 9:30 and 15:30 h.
Foliar nitrogen
The combustion method was used for determination of foliar nitrogen concentrations (Campbell 1991 ) using a nitrogen analyzer (TruSpec, CN Determinator, LECO Corporation, St Joseph, MI, USA).
Nonstructural carbohydrates
For each leaf sample, 20 mg of leaf material was suspended in 0.66 ml of 80% ethanol in a 2 ml screw cap microcentrifuge tube. Tubes were then placed in a heater vortex at 80°C for 20 min. The supernatant was transferred to a separate tube and the extraction was repeated two more times. This ethanol extract was used for determination of glucose and sucrose concentrations. To quantify foliar concentrations of glucose and sucrose we used a Total Starch Assay Kit (Total Starch Assay Kit, Megazyme Co., Wicklow, Ireland). We added 20 µl of the ethanol extract of each sample to three wells for technical replicates. We evaporated the ethanol in a drying oven at 55°C for 20 min. We then dissolved the extract in 20 µl H 2 O. Samples being analyzed for sucrose were treated with 10 µl of invertase and incubated at 37°C for 10 min. We then added 200 µl GOPOD reaction mix (glucose oxidase/peroxidase reagent with O-dianisidine) to the standards, and glucose and sucrose sample wells. We incubated the samples for 20 min at ambient temperature and read absorbance at 510 nm using a spectrophotometer. Concentrations were determined using glucose and sucrose standard curves. For starch analysis, the ethanol extracted tissue samples from the glucose/sucrose analysis were immersed in 1 ml of water in a 2 ml screw cap microcentrifuge tube. The samples were autoclaved for 1 h at 135°C and the water extract was transferred to another tube and dried overnight in a drying oven at 65°C. Foliar starch concentrations were also quantified using the Total Starch Assay Kit (Total Starch Assay Kit, Megazyme Co.).
Ethanol-extracted leaf tissue was digested in 1 ml of α-amylase. Samples were then boiled for 20 min and subsequently cooled for 10 min, followed by the addition of 15 µl amyloglucosidase. The samples were mixed in a shaking water bath at 50°C for 45 min. Samples were then plated out and 200 µl of GOPOD reaction mix was added to the samples. After 20 min at room temperature, absorbance was read at 510 nm on the spectrophotometer. We quantified sample starch concentrations using a starch standard curve using the Megazyme maize starch positive control at 20, 10, 5, 2.5 and 0 µg/20 µl concentrations. We ran a positive control sample of aspen leaf tissue (quantified using separate methods in separate labs) with known concentrations of glucose, sucrose and starch to verify that the protocol was working correctly. Glucose, sucrose and starch concentrations were summed together and reported as % nonstructural carbohydrate.
Defense chemistry
Phenolic glycosides were quantified according to the methods of Lindroth et al. (1993) . Salicortin and tremulacin were extracted from 40 mg of freeze-dried leaf tissue in 0.66 ml of methanol in 2 ml screw-cap microcentrifuge tubes. The samples were extracted using a vortex (VorTemp 56, Labnet International Inc., Edison, NJ, USA) for 5 min. Following centrifugation the supernatant was removed and placed in a separate 2 ml centrifuge tube. This process was repeated twice with a final sample extract volume of 2 ml. Final concentrations of salicortin and tremulacin were assessed using high-performance liquid chromatography (Agilent 1100 Series, Santa Clara, CA, USA) with a Luna 2, C18 column (150 mm × 4.6 mm, 5 µs) at a flow rate of 1 ml min −1 . Compound peaks were visualized under a UV lamp at a wavelength of 280 nm using purified salicortin and tremulacin standards isolated from aspen leaves (Lindroth et al.1993) .
Condensed tannins were extracted from 40 mg samples of leaf material by first, suspending the samples in 1 ml of 70% acetone −10 mM ascorbic acid solution. The samples were then vortexed at 4°C for 20 min, and were subsequently centrifuged. Next, the liquid supernatant was transferred to a separate microcentrifuge container and the extraction was repeated a second time. The concentration of condensed tannins was then quantified with a spectrophotometer (SpectraMax Plus 384, MDS, Toronto, Canada), using the modified butanol-HCl method (Porter et al. 1985) , and quantified using a condensed tannin standard curve. Purified condensed tannin standards were isolated from aspen leaves according to the methods of Hagerman and Butler (1980) .
Statistical analysis
For Experiment 1, we evaluated leaf chemistry and morphology traits using a mixed effects model with fence type and year as fixed effects nested within each fire. We a used top-down strategy to evaluate fixed effects with likelihood ratio tests using maximum likelihood. Upon finding the optimal mixed effects Tree Physiology Online at http://www.treephys.oxfordjournals.org model, we refit the model using restricted maximum likelihood (REML) (Zuur et al. 2009 ). Fixed effects are presented by their χ 2 and P-value (Table 1) . We evaluated aspen height, using fence and year as fixed factors, nested within fire. We accounted for heterogeneity of variance between years by using the identity variance structure. We tested for temporal correlations by examining patterns the auto-correlation function using normalized residuals, and found no general patterns across any analysis. For browse intensity, we only assessed between year differences in unfenced plots. Fenced plots all had zero browse impact. Therefore, a statistical comparison between the two was unnecessary. We used a generalized linear model with a negative binomial distribution using the identity link function. There were no issues with overdispersion. For Experiment 2, we evaluated leaf chemistry and functional traits using linear regression models with fence as the fixed effect. We also used linear regression models for the height, ring width, ring number and growth rates of trees from unfenced and fenced plots. All response variables were normally distributed.
We compared Experiment 1 and two by using a linear mixed effects model with fence-unfenced pairs as a random effect and fence type, year (3 years post disturbance vs 26 years post disturbance) and their interaction. We used the three pairs from the Seeley fire and three sites from the Ferron fire to create a balanced design and reduce regional variance. We report t-statistics for statistically significant terms at P = 0.05. For all analyses, we tested model validity through visual inspection of Q-Q plots, and standardized residuals plotted against fitted residuals. All analyses were done in R using the nlme, and MuMIn package (R Development Core Team 2013, Barton 2015 , Pinheiro et al. 2015 .
Results
Experiment 1: 1-3 years post-fire
Aspen leaves in fenced plots were 65% larger than leaves in unfenced plots (χ 2 = 16, P < 0.001) (Figure 2a ) but the effect of year and the interaction term were not significant (Table 1) . Specific leaf area in fenced plots was 9% lower than in unfenced plots ( Figure 2b ) (χ 2 = 9.7, P = 0.002). Specific leaf area did not vary across years, and the interaction term was not significant (Table 1) . Nonstructural carbohydrates in leaf tissue from unfenced plots were nearly 33% lower than in fenced plots (Figure 2c ) (χ 2 = 26, P < 0.001). Nonstructural carbohydrates did not vary significantly across years and the fence × year interaction term was not significant (Table 1) . After 3 years, photosynthesis rates in fenced plots were 11% lower than in unfenced plots ( Figure 2d ) (χ 2 = 4.7, P = 0.03). Nitrogen did not vary between fenced and unfenced plots, but did vary significantly across years (χ 2 = 11, P = 0.004) ( Table 1) . Nitrogen content in 2014 was~14% lower than in 2013 and 2015. 
Phenolic glycosides (%)
Condensed tannins (%)
Fence type Phenolic glycoside concentrations were not significantly different in fenced and unfenced plots but did vary significantly across years (χ 2 = 21, P < 0.001) ( Table 1) . Phenolic glycoside concentrations in 2014 were 30% and 35% lower than in 2013 and 2015, respectively. Condensed tannins were 33% higher in unfenced plots than in fenced plots (Figure 2f ) (χ 2 = 7.7, P < 0.005), but did not vary significantly across years and the interaction term was not significant (Table 1) . Aspen height varied significantly across fence treatments, year and the fence × year interaction term (F = 46, 30, 5 and P < 0.001, P < 0.001, P = 0.01, respectively). Aspen height in unfenced plots was nearly double that in unfenced plots after 3 years (Figure 3a) . Browse intensity was 0% in fenced plots and~60% in unfenced plots. Browse impact in unfenced plots was consistent from year to year (Figure 3b ) (χ 2 = 0.86).
Experiment 2: 26 years post-fire
Long-term ungulate herbivory reduced leaf size, but did not affect specific leaf area. Leaves in fenced plots were 39% larger than leaves in unfenced plots (t = −3.2, P = 0.005) (Figure 4a ). Specific leaf area did not vary significantly between fenced and unfenced plots (t = −0.6, P = 0.32) (Figure 4b ). Long-term ungulate herbivory reduced foliar nonstructural carbohydrates and nitrogen content, but photosynthesis was increased. Nonstructural carbohydrates in unfenced plots were 41% lower than in fenced plots (t = −9.0, P = 0.003) (Figure 4c ). Foliar nitrogen in fenced plots was 16% higher than in unfenced plots (t = −4.6, P < 0.001). Photosynthesis rates in unfenced plots was 50% higher than fenced plots (t = 4.9, P < 0.001) (Figure 4d ). Long-term ungulate herbivory caused a strong increase in foliar concentrations of defense chemicals. Phenolic glycoside concentrations of aspen in unfenced plots were approximately twofold higher than in aspen leaves in fenced plots (t = 6, P = 0.01) (Figure 4e ). Condensed tannin concentrations of aspen in unfenced plots were 40% higher aspen than in fenced plots (t = 3.0, P = 0.007) (Figure 4f ).
Long-term ungulate herbivory suppressed aspen recruitment, and reduced the radial growth of aspen stems. Aspen growing in Figure 2 . Experiment 1: fence effects on leaf traits. The fence effects for 2015 are presented from Experiment 1 using the model estimates for the mean and one SE around that mean is given as the error bar. NSC refers to nonstructural carbohydrates. Photosynthesis was measured at light-saturated photosynthesis (Asat).
Tree Physiology Online at http://www.treephys.oxfordjournals.org fenced stands were nearly three times taller than aspen growing outside of fences (t = 5.8, P < 0.001) (Figure 5a ). Annual radial growth in fenced plots was 20% greater than in unfenced plots (t = 2.6, P = 0.02) (Figure 5b ). Tree age was not significantly different in fenced and unfenced plots (t = 1.6, P = 0.13) (Figure 5c ).
Comparing 3-year and 26-year responses
Ungulate effects on leaf morphology and leaf chemistry were similar in Experiments 1 and 2 as indicated by the lack of significance of the fence by year interaction term comparing responses in the 3-and 26-year data sets (Figure 6 ). The only exception were phenolic glycosides, which only showed induction in response to herbivory in the longer-term experiment (Figure 6e ).
Discussion
We evaluated ungulate effects on aspen leaf traits and growth under the conceptual framework of plant resistance, tolerance and escape from herbivory (Strauss and Agrawal 1999, Lindroth and . Our first hypothesis, that aspen tolerate herbivory by maintaining photosynthesis, foliar nitrogen and nonstructural carbohydrates, showed mixed results. We found increases in photosynthesis but reduced nonstructural carbohydrates under both short-and long-term ungulate herbivory experiments. Foliar nitrogen was maintained throughout the first 3 years of herbivory and was only reduced by herbivory in the long-term experiment. Our second hypothesis, that ungulate herbivory would increase resistance through lower palatability due to increased specific leaf area and smaller leaf size, and higher foliar levels of condensed tannins and phenolic glycosides, was mostly supported. However, phenolic glycosides were only increased in response to ungulate herbivory over longer periods of exposure (Figure 4e ). Ungulate herbivory caused large reductions in leaf size in both the short and long-term experiments; however, our findings for specific leaf area were mixed. Our third hypothesis, that ungulate herbivory affects growth and escape, was well supported. Ungulate herbivory had strong effects on vertical growth in both the short-(3 years) and long-term (26 years). Further, dendrochronology data from the long-term experiment showed consistent reductions in annual ring widths, suggesting that ungulate herbivory was generally strong over the study period. Finally, our fourth hypothesis, that short-and long-term effects on leaf traits differ across time scales, was generally not supported as short-and long-term impacts on leaf traits and growth were fairly consistent ( Figure 6 ).
Aspen tolerance to ungulate herbivory
Increased photosynthesis is an important compensation mechanism after defoliation (Pinkard et al. 2011 ). In our study, ungulate herbivory consistently increased photosynthetic rates (Figures 2d, 4d and 6d ). While ungulate herbivory had positive effects on leaf level photosynthesis, dramatic reductions in leaf size, tree height and canopy area are likely to have drastically reduced photosynthesis on a whole-plant basis. These results are consistent with other studies showing that defoliation can increase photosynthesis in the remaining leaves (Strauss and Agrawal 1999) , but heavy defoliation can result in a net loss of photosynthetic capacity at the plant level (Hoogesteger and Karlsson 1992) . Reallocation of carbon stores for growth may then compensate for reduced photosynthetic capacity (Hoogesteger and Karlsson 1992, Palacio et al. 2008) .
Reallocation of carbon reserves and high relative growth rates (related to specific leaf area) are key mechanisms for compensation after herbivory (Strauss and Agrawal 1999) . Our results for specific leaf area were mixed, and it was only higher within the first 3 years after ungulate herbivory (Figure 2b ). Specific leaf area was generally lower when subjected to ungulate herbivory over the long-term (Figure 6b ). Higher specific leaf area in response to herbivory can increase relative growth rates (Garnier 1992) , but that would only provide partial compensation for the large reductions of leaf tissue observed in this Tree Physiology Volume 37, 2017 study ( Figure 3b) . Reduction of nonstructural carbohydrates in response to defoliation is consistent with other studies (St Clair et al. 2009 ). Aspen may compensate for tissue loss by metabolizing nonstructural carbohydrates for repair or regrowth of browsed tissue (Pankoke and Muller 2013) and reallocation of carbon pools may compensate for loss in photosynthetic capacity (Hoogesteger and Karlsson 1992) .
Resistance to ungulate herbivory
Resistance to ungulate herbivory can be achieved through reduced preference or performance by ungulate herbivory (Strauss and Agrawal 1999) . Ungulate herbivory of aspen leads to increased investment in chemical defense, reductions in foliar concentrations of nonstructural carbohydrates and nitrogen and loss of leaf area. There is increasing evidence that leaf morphology plays an important role in determining susceptibility to herbivory (Carmona et al. 2011 , Schudlt et al. 2014 . For example, larger leaf size might attract herbivores (Garibaldi et al. 2011) and leaves with higher specific leaf area tend to be more palatable (Poorter et al. 2004) . Leaf nitrogen content is positively related to palatability (Agrawal 2007 ), but our study showed that reduction of leaf nitrogen in browsed leaves was modest and only occurred under longer browsing exposure (26 years post-fire). Aspen's clonal nature (Rhodes et al. 2016 ) and the high physiological function of aspen in post-burn environments may partially buffer against reductions in foliar nitrogen in response to herbivory (Wan et al. 2014) .
Induction of defense chemistry following defoliation may be a general response that protects second flush leaves from subsequent defoliation (St Clair et al. 2009 ). Condensed tannins and phenolic glycosides are versatile defense compounds that have been shown to protect against leaf pathogens (Holeski et al. 2009 ) and insect (Lindroth and St Clair 2013) and ungulate herbivory (Min et al. 2003 , Wooley et al. 2008 . Given that phenolic glycoside concentrations are greater in younger age cohorts (Smith et al. 2011b ), our results suggest that ungulate reduction of aspen height could keep aspen in a developmentally juvenile form that maintains higher expression of defense compounds (Bryant et al. 1983 , Smith et al. 2011b ). Future research is needed to understand how tree height mediates the Tree Physiology Online at http://www.treephys.oxfordjournals.org developmental controls of phenolic glycoside production to understand whether increases in defense chemistry expression due to browsing are mediated by height reduction.
Aspen escape from ungulate herbivory
While resistance and tolerance are important defense strategies against ungulate herbivory, ultimately vertical escape is necessary for successful aspen recruitment (Seager et al. 2013) . Our data show that ungulate herbivory can prevent aspen recruitment for decades even with induction of defense chemistry (Figure 5a ). The reduction of annual growth rings throughout the 26-year period suggests that ungulate herbivory has had a constant effect on the growth potential of aspen (Figure 5b) . Studies suggest that a browse intensity under 30% is necessary for successful recruitment of aspen suckers (Olmsted 1979 , Jones et al. 2005 , which is well below the 60% we observed over the 3-year period of our first experiment. This suggests that browse intensity at our research sites would need to be reduced by at least half for successful recruitment. Further, loss of apical meristems can reduce the recruitment potential in deciduous trees (Palacio et al. 2008) . Despite strategies of resistance, tolerance and escape, our results suggest that in areas with high ungulate use, these defenses may not be enough.
Short-and long-term herbivory
Our results show that ungulate impact on leaf chemistry and morphology was similar in the first 3 years post-fire and 26 years post-fire, but effect sizes increased in magnitude over time ( Figure 6 ). This suggests that ungulate herbivory can produce short-term impacts on leaf function and morphology, and that those effects are magnified by chronic herbivory over time. Further, we found that foliar nitrogen was reduced in aspen subjected to long-term herbivory. This is in contrast to studies of simulated browsing that show only short-term effects on carbon and nitrogen pools (Palacio et al. 2008) , or recovery of growth and nutrient status after simulated defoliation (Hoogesteger and Karlsson 1992) . Similar to our study, both simulated browsing and observational studies have shown tree height and growth is drastically reduced under high browse pressure (Bartos et al. 1994 , Palacio et al. 2008 . Removal of apical meristems was high and remained so for the first 3 years of Experiment 1 (Figure 3b ). While browsed and defoliated trees can tolerate ungulate herbivory in the short-term (Hoogesteger and Karlsson 1992, Palacio et al. 2008) , our results showed high and consistent levels of herbivory year to year across our sites (Figures 3b  and 5b ). The major differences between short-and long-term ungulate herbivory was lower foliar nitrogen when exposed to chronic ungulate herbivory and production of phenolic glycosides. These differences may be due to phenotypic differences in development of aspen trees (Smith et al. 2011b ) and suggest that ungulate herbivory keeps aspen in juvenile stages of development, similar to other studies (Bryant et al. 1983 ). We conclude that ungulate herbivory had strong impacts on aspen leaf trait, defense and growth, which in turn reduced the potential for vertical escape both 3 years after fire and 26 years after fire.
Conclusion
We conclude that leaf traits, defense chemistry and growth are strongly influenced by ungulate herbivory and may have cascading effects on leaf function and future susceptibility to herbivory. Aspen under chronic ungulate browse pressure can fail to regenerate (Bartos et al. 1994) . Our study describes the physiological effects of short-and long-term ungulate browsing and how these effects can contribute to aspen recruitment failure. We observed reduced recruitment potential despite aspen's significant tolerance, deterrence and escape defense mechanisms (Lindroth and St Clair 2013) . In our study, increased investment in chemical defenses, and loss of photosynthetic leaf tissue accompanied low radial and vertical growth rates of aspen (Figures 3a,  and 5a, b) . After 26 years, aspen exposed to ungulate herbivory were still shorter than the critical threshold of 2 m needed for vertical escape (Figure 5c ). Aspen's ability to survive in this stunted state year after year may be due to aspen's clonal nature, which allows resource storage and resource sharing through the root systems (Rhodes et al. 2016) . The data indicate that loss of leaf tissue and apical meristems from chronic browsing keeps aspen as a viable food source for ungulates due to a lack of vertical escape and reduces growth potential (Palacio et al. 2008, Lindroth and . We suggest that, in areas that experience high ungulate use, mitigation of ungulate herbivory should be employed (see Seager et al. 2013 for suggestions) to maintain proper function and recruitment of aspen forests.
